Andrelândia ocorrem na região de Abre Campo e Manhuaçu, estado de Minas Gerais. As rochas orto-e paraderivadas estão tectonicamente intercaladas como resultado da edificação do Orógeno Araçuaí de idade neoproterozoica. Os granulitos máficos são formados pela associação mineral plagioclásio + ortopiroxênio + clinopiroxênio ± hornblenda. Os granulitos félsicos são compostos por plagioclásio + quartzo ± feldspato potássico ± ortopiroxênio ± granada. A associação mineral dos granulitos aluminosos é dada por plagioclásio + quartzo + granada + biotita ± feldspato potássico ± sillimanita. Os cálculos utilizando a geotermobarometria convencional e o programa THERMOCALC resultaram em temperaturas entre 748 °C e 870 °C e pressões entre 5,7 kbar e 7,5 kbar para o metamorfismo de fácies granulito que gerou essas rochas durante o desenvolvimento do Orógeno Araçuaí. A ocorrência local de foliação milonítica e de porfiroclastos intensamente deformados é associada a reativação das zonas cisalhamento Manhuaçu e Abre Campo durante o escape lateral da porção sul do orógeno. Esse estágio é caracterizado pelo desenvolvimento de grandes zonas de cisalhamento transcorrentes dextrais. A exumação dos granulitos do Complexo Juiz de Fora e do Grupo Andrelândia está relacionada ao colapso gravitacional do Orógeno Araçuaí. Palavras-chaves: Complexo Juiz de Fora, Grupo Andrelândia, química mineral, geotermobarometria.
INTRODUCTION
The ortho-derived granulites of the Juiz de Fora Complex and the aluminous granulites of the Andrelândia Group in the region of Abre Campo and Manhuaçu, state of Minas Gerais (Fig. 1) , are located west of the suture zone of the crystalline core of the neoproterozoic Araçuaí Orogen. The main subject of this research is to understand the metamorphic evolution of these granulites and its role in this portion of the Araçuaí Orogen, and for this several geothermobarometric methods are used.
The Juiz de Fora Complex is composed of five lithologic units (Brandalise, 1991) . Unit A consists of enderbite, charnockite, orthoamphibolite, and biotite-amphibole gneiss. Unit B is composed of garnet-biotite gneiss with or without graphite and sillimanite. Unit C consists of mylonite to blastomylonite of biotite gneisses. Unit D is formed by banded and laminated biotite-amphibole gneisses. Finally, unit E is composed of tonalite-trondhjemite orthogneisses. Heilbron et al. (1995 Heilbron et al. ( , 2003 Heilbron et al. ( , 2004 ) defined the Juiz de Fora Complex as a variably migmatized granulite facies unit composed of ortho-derived rocks of granite to gabbro compositions. Metasedimentary sequences occur tectonically intercalated within the orthoderived granulites. In Rio de Janeiro state, Heilbron et al. (1995) correlated this metasedimentary cover with the Andrelândia Group. Noce et al. (2007a) extended this correlation to characterize paragneiss, including biotite-garnet and sillimanite-garnet gneisses intercalated with orthoderived granulites of the Juiz de Fora Complex in the studied region.
Available geochronological data for the Juiz de Fora Complex provide paleoproterozoic ages for the crystallization of the protolith of the orthoderived granulites. U-Pb dates determined using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) were reported by Heilbron et al. (2001) to be 2140-2070 Ma and interpreted as the ages for the protolith of the felsic granulites and 2400-1700 Ma as the ages for those of the mafic granulites. The geochronological studies of Heilbron et al. (2010) used isotope dilution thermal ionization mass spectrometry (IDTIMS) and LA-ICP-MS to determine U-Pb dates of 2200-1970 Ma interpreted as the ages for the crystallization of the protoliths of enderbites, charnockites, and mafic granulites and 604-570 Ma as the ages for the development of the mylonitic foliation under granulite facies metamorphic conditions. Noce et al. (2007b) used the sensitive highresolution ion microprobe to determine U-Pb crystallization ages of 2119-2084 Ma for the protoliths of these rocks and 590-574 Ma for the metamorphism. Fischel et al. (1998) reported Sm-Nd depleted mantle model ages of 2220-2130 Ma for the Juiz de Fora Complex rocks in the Abre Campo and Manhuaçu regions, indicating the paleoproterozoic juvenile origin. Noce et al. (2007b) interpreted that the Juiz de Fora Complex originated from an island arc setting generated by intra-oceanic subduction during the Paleoproterozoic Era. Figure 1 Geological map of the studied region (Noce et al., 2007a) . This study of the metamorphic conditions of  the Juiz de Fora Complex and Andrelândia  Group in the Abre Campo and Manhuaçu  regions is based on petrographic and  microstructural characterization, mineral chemistry, and geothermobarometry of the representative lithotypes of these units. Mineral analyses were performed using an electron microprobe (JEOL JXA-8900RL) at 15 kV and a beam current of 20 nA at the Laboratório de Microanálises at Universidade Federal de Minas Gerais. The geothermobarometric calculations for mafic and aluminous granulites were performed on the basis of the mineral chemistry data presented in Tables 1 and 2 . Pressure and temperature estimates were based on the orthopyroxene-clinopyroxene, hornblende-plagioclase, and garnet-orthopyroxene geothermometers, on the garnet-Al2SiO5-quartzplagioclase (GASP) geobarometer and on THERMOCALC software version 3.33 (Powell and Holland, 1994) Pattison et al. (2003) .
MATERIALS AND METHODS

PETROGRAPHY OF THE JUIZ DE FORA COMPLEX
The Juiz de Fora Complex is commonly composed of banded mafic and felsic granulites. This irregular banding is characterized by alternating layers of felsic granulites and mafic granulites that also present variable degrees of migmatization (Fig. 2a) . The migmatites are classified as net-rich to stromatic metatexites with hornblende-rich restites and irregular quartz-feldspathic leucosome.
The felsic granulites have a tonalite to granite composition. The texture is granoblastic, granolepidoblastic to granonematoblastic, but locally a mylonite foliation and feldspar porphyroclasts are observed. They contain 35-60 vol% of quartz, 20-60% of plagioclase, 0-35% of potassium feldspar, 0-4% of garnet, 5-20% of biotite, 0-15% of hornblende, and 0-20% of orthopyroxene (Figs. 3a and 3b). Accessory minerals include zircon, apatite, and opaque minerals; minerals of secondary origin include sericite, carbonate, actinolite, and epidote. Quartz is xenoblastic and its grain size varies between 0.1 mm and 3 mm. The largest grains frequently exhibit strong undulatory extinction. The grains commonly have interlobated and sutured boundaries and form core-mantle microstructures. In some domains, the grains are elongated with an axial ratio of approximately 5:1. Feldspars are anhedral to subhedral and measure 0.1-9 mm. The potassium feldspar is perthitic and has incipient tartan twinning. The plagioclase is frequently antiperthitic and has flexured polysynthetic twinning. Partial substitution by epidote, sericite, or carbonate is observed as blobs in some grains. The plagioclase composition is andesine (An40-An45), cores of the grains being commonly more calcic than the rims. The feldspars exhibit core-mantle microstructures ( Fig.  3c ) characterized by porphyroclasts that present strong undulatory extinction. The smaller grains of the recrystallized matrix present interlobated to sutured boundaries. The garnet is subidioblastic to xenoblastic and its grain-size varies between 1.5 mm and 4 mm, with inclusions of biotite, quartz, and plagioclase. The garnet is composed of 64-71% almandine, 16-22% pyrope, 3-8% grossular and 4-5% spessartine. The biotite is frequently oriented and has a reddish-brown to pale yellow pleochroism; Ti amount is 0.55 to 0.56 a.p.f.u and XMg varies between 0.54 and 0.56. Common inclusions are apatite, opaque minerals, and zircon. The orthopyroxene is xenoblastic, presents pink to pale-green pleochroism, and its grain-size varies between 0.1 mm and 2 mm. Chemically, the orthopyroxene can be classified as hypersthene to Fe-hypersthene (En42-En55). The grains are frequently oriented and exhibit weak undulatory extinction and fractures; partial substitution by biotite and actinolite is observed at rims and cleavages. The hornblende is subidioblastic and has brownish-green and dark Table 1 Chemical composition (weight %) of minerals in mafic granulite (sample AC-12A) and felsic granulite (sample AC-12C) and their cationic distribution. Table 2 Chemical composition (weight %) of minerals in mafic granulite (sample AC-12A) and aluminous granulite (sample MANH-2) and their cationic distribution brown to pale green pleochroism. The grains are oriented and are partially substituted by biotite in their rims. The inclusions of apatite and opaque minerals are common in the amphibole.
The mafic granulites have granoblastic texture. However, some are characterized by porphyroclasts of pyroxene involved by a prominent mylonite foliation. These rocks contain 2-20 vol% of orthopyroxene, 0-20% of clinopyroxene, 35-50% of plagioclase, 0-30% of hornblende, 10% of quartz, and 0-6% of biotite (Fig. 3d) . Accessory minerals are apatite, opaque minerals, sphene, and zircon; secondary minerals are sericite, carbonate, epidote, and cummingtonite. The plagioclase is xenoblastic and grain-size varies between 0.1 mm and 5 mm. The grains exhibit flexured polysynthetic twinning and core-mantle microstructures with interlobated to sutured boundaries. There is a partial substitution by sericite, carbonate, or epidote. Chemically, this plagioclase is more calcic than that of the felsic granulites, being classified as bytownite (An72-An80). A higher concentration of calcium is observed in the cores of the grains.
Both pyroxenes are xenoblastic and grain-size varies between 0.1 mm and 2 mm. Some grains are fractured and partially substituted by amphiboles such as cummingtonite and hornblende in addition to biotite. In this case, biotite occurs in the cleavages and microfractures. The partial substitution by cummingtonite and hornblende is observed at rims and the first only occurs as substitution of orthopyroxene. The concentration of the enstatite component in the orthopyroxene is En67-En68, higher than in the felsic granulites. The clinopyroxene is classified as diopside. The hornblende is xenoblastic to subidioblastic and has grain-size between 0.1 mm and 1.5 mm. Some grains present dark green and pale brown to greenish-brown pleochroism and have inclusions of apatite. Other grains exhibit green and pale brown pleochroism and replaced pyroxene. Biotite is subidioblastic and has inclusions of apatite and zircon; some grains exhibit preferred orientation, parallel to main foliation. Quartz occurs as xenoblastic grains with 0.1-3 mm. The grains exhibit deformation evidence such as sutured boundaries, strong undulatory extinction, and subgrains.
PETROGRAPHY OF THE ANDRELÂNDIA GROUP
The Andrelândia Group is composed of aluminous granulites intercalated with mafic and felsic granulites of the Juiz de Fora Complex. The commonly migmatitic aluminous granulites can be classified as stromatic metatexite and diatexite. The neosome is characterized by high concentration of garnet (Fig. 2 b) and the euhedral feldspar crystals, typical of magmatic crystallization, are evidence that the rocks underwent partial melting. Some lithotypes have a mylonite foliation (Fig. 2c) trending north-south and with a sub-vertical dip. The aluminous granulites are granolepidoblastic to granonematoblastic. The foliation is characterized by the preferential orientation of biotite and sillimanite. The mineralogical composition includes 20-35 vol% of quartz, 20-40% of plagioclase, 0-25% of potassium feldspar, 10-20% of garnet, 3-16% of biotite, and 0-6% of sillimanite. Accessory minerals are zircon, apatite, and opaque minerals; minerals of secondary origin are sericite, carbonates, and epidote. Quartz occurs as xenoblastic grains with 0.1 and 3 mm, some grains exhibit undulatory extinction and core-mantle microstructures with interlobated and sutured boundaries. The plagioclase is xenoblastic to idioblastic and grain-size varies between 0.5 to 7 mm. The grains often show flexured polysynthetic twinning, antiperthitic exsolution, and interlobated to sutured boundaries. Some grains were partially substituted by sericite and epidote. Chemically, the plagioclase can be classified as andesine to labradorite (An30-An56) similar to that of the felsic granulites. The potassium feldspar is xenoblastic and grain-size varies between 0.1 mm and 8 mm. The grains frequently show myrmekite at rims and exhibit incipient Tartan twinning. Garnet occurs as xenoblastic to subidioblastic porphyroblasts with 0.5 to 10 mm. They are poikiloblastic (Fig. 3e) with inclusions of quartz, plagioclase, and biotite; some inclusions of plagioclase are vermiform. Garnet is composed of 57-77% almandine, 16-37% pyrope, 3-6% grossular and 1%-2% spessartine. In comparison the garnet of felsic granulites is less magnesian. Biotite is idioblastic and has reddish-brown to pale yellow pleochroism. The Ti amount is 0.57 to 0.60 a.p.f.u and XMg varies between 0.63 and 0.72 and are similar to that of the biotite in felsic granulites, although it is more aluminous (Al IV ) than the one in the felsic granulites. The biotite often is intergrown with sillimanite and oriented in the direction of foliation (Fig. 3f) . Sillimanite is subidioblastic and frequently occurs as fibrolite. Some needles may occur rimming the garnet porphyroblasts. 
GEOTHERMOBAROMETRY
The felsic granulites of the Juiz de Fora Complex are characterized by the following mineral assemblage: plagioclase + quartz ± potassium feldspar ± orthopyroxene ± garnet. The occurrence of orthopyroxene indicates metamorphic conditions of the granulite facies. The temperatures were estimated by the garnetorthopyroxene exchange Fe-Mg geothermometer calibrated by Wood and Banno (1973) and by Harley (1984) . The first calibration resulted in temperatures between 688 °C and 905 °C, assuming a pressure of 7 kbar. The temperatures obtained with calibration made by Harley (1984) Kretz (1982) and the hornblende-plagioclase calibrated by Holland and Blundy (1994) . The first geothermometer, based on the cationic exchange of Fe and Mg between orthopyroxene and clinopyroxene, resulted in temperatures between 655 and 722 °C. The HB-PL software of Holland and Blundy (1994) The results obtained with THERMOCALC are 870 ± 39 °C and 7.6 ± 3.4 kbar, assuming a molar fraction of H2O = 0.3. This value for water activity was choosen because it represents the most probable pressure and temperature conditions for the generation of mafic granulites, meaning lowest uncertainties (sigfit = 0.70). The maximum sigfit value for calculations to obtain 95% reliability is 1.54. The large uncertainty of pressure suggests disequilibrium among the mineral phases of the assemblage, although the result is concordant with the pressure obtained for the felsic granulites. The temperatures are more consistent in this case.
The aluminous granulites of the Andrelândia Group have the following mineral assemblage: plagioclase + quartz + garnet + biotite ± potassium feldspar ± sillimanite. The conditions of pressure were calculated by means of the GASP geobarometer based on Reaction 3:
The results are 5.8-6.0 kbar after the Newton and Haselton (1981) calibration, 4.3-4.4 kbar after Hodges and Spear (1982) , 6.6-6.7 kbar after Koziol and Newton (1988) , and 7.5-7.7 kbar after the Koziol (1989) calibration, assuming a temperature of 800 °C. The calculations based on THERMOCALC resulted in 748 ± 44 °C and 5.7 ± 1.5 kbar, considering a molar fraction of H2O = 0.3. This value for water activity represents the pressure and temperature conditions characterized for lowest uncertainties (sigfit = 0.32). The maximum sigfit value for calculations to obtain 95% reliability is 1.73.
These conditions characterize granulite facies metamorphic rocks of lower to intermediate pressure. The results obtained for the Juiz de Fora Complex are compatible with these estimates of pressure and temperature, although the mafic granulites were formed in relatively higher temperature conditions. The difference of temperature obtained for these units can be result of metamorphism of granulite facies at relatively distinct crustal levels
DISCUSSION
The results of geothermobarometry indicate conditions of the granulite facies for the rocks of the Juiz de Fora Complex and the Andrelândia Group. The mafic granulites were formed at temperatures and pressures of about 870 °C and 7.6 kbar. The mineral association of these rocks is orthopyroxene + clinopyroxene + plagioclase ± hornblende ± quartz, which is typical of medium-pressure granulites. The continuous reaction (4) reported by Spear (1995) indicates that reactants and products may constitute a stable paragenesis at temperatures of approximately 800 °C:
hornblende + quartz = orthopyroxene + clinopyroxene + plagioclase + liquid (4).
The felsic granulites were formed under similar conditions with temperatures and pressures of approximately 800 °C and 7.5 kbar. The mineral association is plagioclase + quartz ± potassium feldspar ± orthopyroxene ± garnet. The presence of igneous features such as feldspar euhedral indicates the occurrence of partial melting during metamorphism. Reaction (5) shows the formation of orthopyroxene and the generation of liquid from the dehydration of biotite at temperatures of 750-800 °C and a low molar fraction of H2O, as described by Graphchikov and Konilov (1996) :
The aluminous granulites of the Andrelândia Group were generated under conditions similar to those of the Juiz de Fora rocks. The geothermobarometry resulted in a temperature of 748 °C and a pressure of 5.7 kbar. The mineral association plagioclase + quartz + garnet + biotite ± potassium feldspar ± sillimanite is representative of metamorphic rocks derived from sedimentary protoliths. These rocks also present evidence of partial melting. In this case, reaction (6) describes the generation of liquid and sillimanite from muscovite dehydration. According to Spear (1995) , this reaction occurs at approximately 750 °C and 6-8 kbar in the K2O-FeO-MgOAl2O3-SiO2-H2O (KFMASH) system with low molar fraction of H2O. In a more complex system like CaO-Na2O-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O2 (CNKFMASHTO) another reaction can be crossed in these conditions. Reaction (5) for the felsic granulites and reactions (6) and (7) for the aluminous granulites represents the formation of peritectic phases such as the potassium feldspar. The euhedral texture identified in some of the studied rocks is characteristic of growth in the presence of a liquid.
muscovite + quartz = sillimanite + potassium feldspar + liquid (6).
biotite + sillimanite + quartz + plagioclase1 = potassium feldspar + plagioclase2 + garnet + ilmenite + liquid (7) Noce et al. (2007b) and Heilbron et al. (2010) interpreted the Juiz de Fora Complex as the basement of the Andrelandia Group. The Juiz de Fora Complex is a polymetamorphic unit characterized by a metamorphic evolution related to the Paleoproterozoic and to the Neoproterozoic (Noce et al., 2007b) . Heilbron et al. (2010) reported that the protoliths of the Andrelândia Group were deposited in a neoproterozoic sedimentary basin of a passive margin. The granulite facies metamorphism that affected the Juiz de Fora Complex and the Andrelândia Group is related to development of Araçuaí Orogen during the Neoproterozoic (Belém et al., 2011) . During this process, partial melting occurred in the felsic and the aluminous granulites. The mylonite microstructures were probably generated under the influence of the Manhuaçu and the Abre Campo shear zones. The intimate relationship of mafic and felsic granulites with Andrelândia rocks are associated with reactivation of these shear zones during evolution of the Araçuaí Orogen in the Brasiliano tectono-metamorphic event.
CONCLUSIONS
The Andrelândia Group represents the neoproterozoic cover of the Juiz de Fora Complex (Heilbron et al. 2010) . The rocks of these two units were metamorphosed under granulite facies conditions with temperatures of 748-870 °C and pressures of 5.7-7.5 kbar during the collisional stage of development of the Araçuaí-West Congo Orogen (Alkmim et al. 2006) . The temperature of this process is associated with a low molar fraction of H2O, which enabled partial melting in the felsic granulites of the Juiz de Fora Complex and of the aluminous granulites of the Andrelândia Group. The temperature conditions obtained for Juiz de Fora Complex are higher because this unit was metamorphosed into a relatively deeper crustal level. In the region between Abre Campo and Manhuaçu, mafic and felsic granulites of the Juiz de Fora Complex are intimately intercalated with the aluminous granulites of the Andrelândia Group that is the result of a tectonic association of the two units (Noce et al., 2007b) . The intercalation of these units was provided by reactivation of Abre Campo and Manhuaçu shear zones during the late collisional stage of Araçuai-West Congo Orogen. This stage is denominated by Alkmim et al. (2006) like southward escape of orogen because it is characterized for development of large dextral shear zones. The exhumation of granulites probably is related to the gravitational collapse of the Araçuai-West Congo Orogen at about 500 Ma ago as reported by Alkmim et al. (2006) .
